Consistent with its central importance in lipid and energy homeostasis, lipolysis occurs in essentially all tissues and cell types, including macrophages. The hydrolytic cleavage of triacylglycerol by adipose triglyceride lipase (ATGL) generates non-esterifi ed fatty acids, which are subsequently used as essential precursors for lipid and membrane synthesis, mediators in cell signaling processes or as energy substrate in mitochondria. This review summarizes the current knowledge concerning the consequences of ATGL defi ciency in macrophages with particular emphasis on macrophage (dys)-function, apoptosis, and atherosclerosis.
Introduction
Fatty acids (FAs) are important metabolic substrates for energy production. In addition, FAs are precursors for numerous lipid species and important substrates for protein acylation. In contrast to these benefi cial characteristics, free fatty acids (FFAs) can become deleterious for cells when present at higher concentrations. Accordingly, all eukaryotes apply biochemical strategies to detoxify FAs by esterifi cation and storage within lipid droplets. Essentially all cells in the body generate lipid droplets and use these organelles for the production of membrane compounds, energy substrates, and signaling molecules including lipotoxic compounds (e.g., an excess of FFAs or free cholesterol) (Beckman , 2006 ; Martin and Parton , 2006 ) . Macrophages have an enormous capa city to store lipids. Excess FFAs and unesterifi ed cholesterol are stored in lipid droplets within triacylglycerol (TG) and cholesteryl esters (CEs). Accumulation of CEs after uptake of modifi ed lipoproteins results in foam cell formation, which is the hallmark of atherosclerosis.
Atherosclerosis is an infl ammatory disease and has been recognized as the leading cause of death in industrialized societies. Studies of the earliest stages of atherogenesis in humans and mouse models indicate that the key initiating step is subendothelial accumulation of apolipoprotein B (ApoB)-containing lipoproteins (Williams and Tabas , 1995 ) . Accumulation of monocytes and monocyte-derived macrophages in the wall of large arteries leads to chronic infl ammation and the development and progression of atherosclerosis. Endothelial cell activation as an early infl ammatory response is enhanced by oxidative modifi cation of ApoB-containing lipoproteins, concomitant upregulation of adhesion molecules and chemokine production, which mediate the recruitment of circulating monocytes (reviewed by Mestas and Ley , 2008 ) . Driven by the macrophage colonystimulating factor, the majority of monocytes differentiate into macrophages. Owing to their heterogeneity and versatility, macrophage activation leads to either of the two extreme phenotypes: classically activated proinfl ammatory M1 and alternatively activated anti-infl ammatory M2 macrophages (Mills et al. , 2000 ; Mantovani et al. , 2004 ) . Reciprocal skewing of macrophage polarization between M1 and M2 states is a process modulated by diet, humoral factors, and transcription factors (reviewed by Chinetti -Gbaguidi and Staels, 2011 ). Mosser and Edwards (2008) suggested a more informative classifi cation of macrophages based on their three fundamental functions that are involved in maintaining homeostasis: host defense, wound healing, and immune regulation.
Intracellular lipid catabolizing enzymes degrade CEs, TGs, and their metabolic intermediates. Mobilization of CEs and TGs from lysosomes requires the action of lysosomal acid lipase (Goldstein et al. , 1975 ) . Lipid droplet-associated CEs are hydrolyzed by a neutral CE hydrolase (Ghosh , 2011 ) . In 2004, three groups published the discovery of an enzyme able to hydrolyze TG and named it adipose triglyceride lipase (ATGL) (Zimmermann et al. , 2004 ) , desnutrin (Villena et al. , 2004 ) , or calcium-independent phospholipase A2 (iPLA2) (Jenkins et al. , 2004 ) . ATGL selectively performs the fi rst step in TG hydrolysis, resulting in the formation of diacylglycerol (DG) and FFAs. For maximal lipolytic activity ATGL requires CGI-58 as a coactivator . Recently, G0S2 (predominantly expressed in adipose tissue and liver) has been identifi ed as a selective inhibitor of ATGL (Yang et al. , 2010 ) . ATGL exhibits 10-fold higher substrate specifi city for TGs than for DGs (Zimmermann et al. , 2004 ) and shows low transacylase and phospholipase activity (Jenkins et al. , 2004 ) . In contrast to hormone-sensitive lipase, ATGL lacks the ability to hydrolyze monoacylglycerol, CEs, or retinyl esters (Zimmermann et al. , 2004 ) .
ATGL is expressed in most tissues of the body with highest mRNA levels and enzyme activity found in white and brown adipose tissue (reviewed in Zechner et al. , 2009 ). The important role of ATGL in lipolysis became evident from observations in Atgl-defi cient ( -/-) mice, which accumulate TGs in essentially all organs . Massive TG accumulation caused by impaired TG mobilization in cardiac myocytes results in cardiac failure and premature death of Atgl -/-mice, starting at the age of 10 weeks. Owing to the reduced availability of FFAs as energy substrate, Atgl -/-mice show an increased utilization of carbohydrates as an energy source, leading to improved glucose tolerance and insulin sensitivity. Atgl -/-male mice are fertile, whereas females lack the ability to suckle their offspring due to impaired milk production. In white adipose tissue, hormone-stimulated lipolysis is drastically reduced, indicating that ATGL is hormone regulated via direct or indirect mechanisms. In addition, Atgl -/-mice exhibit defective thermogenesis in brown adipose tissue. Plasma FAs, TGs, total cholesterol (TC), high-density lipoprotein-cholesterol and ketone body concentrations are decreased in both fed and fasted Atgl -/-mice.
ATGL in immune response
Although less than in adipose tissue, ATGL mRNA is expressed in murine peritoneal macrophages and macrophage-derived foam cells as well as in human monocytederived macrophages and foam cells (Chandak et al. , 2010 ) . Similar to other cells and tissues, the absence of ATGL in macrophages results in decreased TG hydrolase activity and, concomitantly, in intracellular TG accumulation. In accordance with the substrate specifi city of ATGL, CE hydrolase activity is comparable in Atgl -/-and wild-type (Wt) cells. Thus, Atgl -/-macrophages specifi cally accumulate TGs even in the absence of exogenous lipid loading, whereas intracellular cholesterol concentrations remain unchanged.
ATGL and macrophage phagocytosis
In contrast to extracellular lipoprotein lipase (LPL)-mediated FA mobilization (Yin et al. , 1997 ) , intracellular ATGLmediated FA release is essential for ATP synthesis and for maximal phagocytic activity of macrophages (Chandak et al. , 2010 ) . FFAs taken up by macrophages are not directly routed to mitochondrial β -oxidation, but instead are acyl-coenzyme A (CoA) activated and subsequently oxidized or esterifi ed to TGs (and CEs). The generation of lipolytic products such as DFAs or DG by ATGL provides ligands or ligand precursors for functional signaling by the peroxisome proliferatoractivated receptor (PPAR) α -PPAR γ coactivator-1 complex, which activates mitochondrial biogenesis and oxidative phosphorylation and directs FA-CoA to oxidation in the heart (Haemmerle et al. , 2011 ) . In brown adipose tissue, ATGLcatalyzed lipolysis was suggested to activate PPAR α for maintaining the brown adipose tissue phenotype and to promote thermogenesis (Ahmadian et al. , 2011 ) . ATGL defi ciency leads to decreased mitochondrial biogenesis and function and directs FA-CoA towards TG synthesis and accumulation (Chandak et al. , 2010 ; Afl aki et al. , 2011b ; Haemmerle et al. , 2011 ) .
In macrophages, FFA usage as energy substrate requires ATGL hydrolysis (and the activity of neutral CE hydrolases; reviewed by Ghosh , 2011 ) . FFAs released from intracellular TGs by ATGL are transported into the mitochondria and used for mitochondrial β -oxidation and consequently for energy production. In macrophages, activation of PPAR β / δ by very low-density lipoprotein (LDL) induces ATGL, resulting in increased FA catabolism (Lee et al. , 2006 ) . It is tempting to speculate that in the absence of ATGL in macrophages, PPAR signaling is limited and additionally accounts for the observed reduction in phagocytosis. This is the case even in conditions in which ATP concentrations are partly restored by glucose (Chandak et al. , 2010 ) . One additional mechanism that might be responsible for impaired phagocytosis of Atgl -/-macrophages is defective small Rho GTPase activation (Afl aki et al. , 2011a ) . Small Rho GTPases participate in the regulation of various biological pathways including phagocytosis (Etienne -Manneville and Hall, 2002 ) . During phagocytosis, Cdc42 and Rac induce actin polymerization to form membrane extensions that engulf the particle. Rac also associates with a component of the NADPH oxidase enzyme complex to stimulate the production of superoxide anions as part of the bactericidal program. Thus, cellular rigidity due to defective remodeling (assembly and disassembly) of the actin cytoskeleton in Atgl -/-macrophages (Afl aki et al. , 2011a ) might be causative for ineffi cient phagocytosis.
ATGL in atherosclerosis ATGL and atherosclerotic plaque formation
In general, macrophage-derived foam cells in atherosclerotic lesions are packed with CE-rich lipid droplets. By contrast, Atgl -/-macrophages accumulate TG-rich lipid droplets resulting in altered cell morphology that resemble macrophage foam cells. These alterations and functional changes strongly argue for the involvement of ATGL in atherogenesis. In fact, transplantation of Atgl -/-bone marrow into γ -irradiated lowdensity lipoprotein receptor (Ldlr) -/-mice resulted in highly attenuated atherosclerotic lesion formation compared with Wt bone marrow-transplanted Ldlr -/-mice after feeding an atherogenic Western-type diet for 9 weeks (Lammers et al. , 2011 ) . This effect is independent of plasma lipid parameters because plasma TG, TC and FFA concentrations are comparable between Ldlr -/-mice transplanted with Atgl -/-or Wt bone marrow. These data indicate that in contrast to cholesterol, increased intracellular TG content in macrophages is not associated with lesion growth. In fact, increased intracellular TG concentrations, particularly within lysosomes, correlate with reductions in CE content (Ullery -Ricewick et al., 2009 ) . The volume of cholesterol-engorged lysosomes decreases after TG-rich particle treatment, indicating that cholesterol is more effi ciently cleared.
In normal physiology, macrophage phagocytosis plays an essential role on host defense through clearance of infectious organisms and in the resolution phase of infl ammation by removal of apoptotic cells (efferocytosis) and infl ammatory debris (Aderem and Underhill , 1999 ) . During atherogenesis, macrophage phagocytosis can either promote or protect against lesion progression, depending on the context (Schrijvers et al. , 2007 ; Tabas , 2007 ; Thorp et al. , 2008 ) . Defects in efferocytosis are suggested to contribute to advanced lesion formation and infl ammation in apolipoprotein E -/-mice (Grainger et al. , 2004 ) and other mouse models. Thus, efferocytosis of apoptotic cells in lesions reduces plaque progression by decreasing lesion cellularity, preventing post-apoptotic necrosis and promoting anti-infl ammatory responses. By contrast, uptake of aggregated lipoproteins, erythrocytes, and platelets may promote foam cell formation, lesion progression, and atherogenesis (reviewed by Schrijvers et al. , 2007 ) . Thus, in addition to foam cell formation, enhanced endocytosis of modifi ed lipoproteins is expected to contribute to plaque progression and formation of an unstable plaque phenotype due to macrophage survival. Although uptake of modifi ed lipoproteins was slightly reduced in Atgl -/-macrophages the profound decrease of phagocytosis probably contributes to attenuated lesion progression in Ldlr -/-mice transplanted with Atgl -/-bone marrow.
ATGL and apoptosis
The reduction in atherosclerotic lesion formation in these animals coincides with increased apoptosis (Lammers et al. , 2011 ) . The role of macrophage apoptosis in atherogenesis is dual, depending on the stage of the plaque (reviewed by Seimon and Tabas , 2009 ). In early lesions, apoptotic macrophages are rapidly cleared by other macrophages, thereby limiting lesion cellularity and the progression of early lesions (Babaev et al. , 2008 ; Gautier et al. , 2009 ). In advanced atherosclerotic lesions, however, impaired clearance of apoptotic macrophages leads to secondary necrosis and the formation of a necrotic core (Feng et al. , 2003 ) favoring arterial wall infl ammation and enhanced monocyte recruitment (Gautier et al. , 2009 ) . Unesterifi ed cholesterol, a potent apoptosis inducer in macrophages, accumulates in advanced atherosclerotic lesions. Incubation of macrophages with unesterifi ed cholesterol in vitro induces programmed cell death via activation of the mitochondrial apoptosis pathway (Yao and Tabas , 2000 ) . A similar effect was observed in the absence of ATGL and TG accumulation in macrophages with the increase of typical markers of apoptosis, such as externalization of phosphatidylserine in the plasma membrane and caspase 3 and poly-(ADP-ribose) polymerase cleavage (Afl aki et al. , 2011b ).
Fragmented mitochondria prior to cell death are indicative of the mitochondrial apoptosis pathway being triggered in Atgl -/-macrophages. In contrast with these results, TG accumulation in macrophages was shown to be cytoprotective (Listenberger et al. , 2003 ; Saraswathi and Hasty , 2009 ). This discrepancy might be explained by differences in intracellular TG concentrations between the studies or by additional mechanisms being activated in Atgl -/-macrophages. The endoplasmic reticulum (ER) is a critical organelle in the induction of apoptosis and is responsible for intracellular Ca 2 + storage. Homeostasis of Ca 2 + concentrations between the ER and the cytosol are essential for cell survival. Depletion of Ca 2 + from the ER and concomitant elevated levels of cytosolic Ca 2 + in Atgl -/-macrophages indicate ER stress and the induction of the unfolded protein response (Afl aki et al. , 2011b (Afl aki et al. , , 2012 ). An interaction between signals from Ca 2 + and ceramide, which exists in various cell types, might lead to specifi cally increased C16:0 ceramide concentrations in Atgl -/-macrophages. Accordingly, mRNA expression of ceramide synthases is markedly increased. Inhibition of C16:0 ceramide synthesis rescues Atgl -/-macrophages by inhibition of ceramide synthesis and protects from mitochondrial dysfunction and apoptotic cell death but fails to abolish ER stress (Afl aki et al. , 2012 ) . These results indicate that ER stress itself is not the apoptotic trigger of programmed cell death and that C16:0 ceramide is essential and suffi cient for mitoapoptosis in Atgl -/-macrophages.
ATGL and phagocyte migration
The number of circulating white blood cells is markedly reduced in Ldlr -/-mice transplanted with Atgl -/-bone marrow (Lammers et al. , 2011 ) . Whereas the half-life of white blood cells is comparable, the LSK population (representing hematopoietic stem and multipotential progenitor cells in the bone marrow) is reduced. These data suggest that a decreased amount of circulating white blood cells in these mice is the consequence of impaired production in the bone marrow, resulting in less monocyte infi ltration into the intima. In humans, it is well established that increased levels of neutrophils and monocytes induce the progression of atherosclerosis. Conversely, a reduced number of circulating monocytes inhibits the initiation and development of atherosclerotic lesions.
Movement of monocytes/macrophages to the site of atherosclerotic lesions is crucial for macrophage infi ltration and requires the activation of three signaling pathways: detection of the infl ammation site, polarization, and migration (VicenteManzanares and Sanchez-Madrid, 2004 ). The directed migration of leukocytes (chemotaxis) is governed by extracellular signals, such as chemoattractant gradients or adhesion signals. For active chemotaxis, the rearrangement of actin fi laments is a prerequisite; leukocytes extend a front actin-rich lamellipodium (leading edge), whereas the uropod is retracted during migration. Defective activation of the Rho small GTPases RhoA, Cdc42, and Rac1 causes disturbances in actin polymerization and polarization of Atgl -/-macrophages, which probably account for their reduced migratory capacity. A transient phosphorylation of focal adhesion kinase (FAK) is accepted to induce cell movement (Calalb et al. , 1995 ) . In Atgl -/-macrophages, however, increased NADPH oxidase-mediated reactive oxygen species production, probably as a result of Rac2 activation, leads to oxidative inactivation of Src homology 2-containing phosphotyrosine phosphatase (SHP-2). This in turn results in sustained phosphorylation and activation of FAK that perturbs the disassembly of the cytoskeleton (Afl aki et al. , 2011a,b ) . The net effect is enhanced cell spreading with concomitant impaired migration as observed in Atgl -/-macrophages. As a consequence and in addition to the reduced amount of white blood cells, the total number of infi ltrated macrophages into the arterial wall is decreased in Ldlr -/-mice transplanted with Atgl -/-bone marrow (Lammers et al. , 2011 ) . Inhibition of the production of reactive oxygen species by both antioxidants and NADPH oxidase inhibitors restores the dynamic activation of FAK and, consequently, the migratory capacity of Atgl -/-macrophages (Afl aki et al. , 2011a ). A similar signaling pathway triggered by interactions between oxidized LDL and CD36 was demonstrated in macrophages (Park et al. , 2009 ) . The authors suggest a physical interaction between FAK/SHP-2 and CD36 that alters cytoskeletal dynamics and induces trapping of macrophages in the arterial intima. This process, however, generally promotes atherosclerosis, which is not the case in Ldlr -/-mice transplanted with Atgl -/-bone marrow (Lammers et al. , 2011 ) .
ATGL in infl ammation
The proinfl ammatory cytokine Rantes/Ccl5 plays an active role in recruiting leukocytes to the sites of infl ammation (Appay and Rowland -Jones, 2001 ). In addition, Rantes/ Ccl5 induces lamellipodia formation (Di Marzio et al. , 2005 ) and activates Rac1 (Weiss -Haljiti et al., 2004 ; Di Marzio et al. , 2005 ) . The fact that Rantes/Ccl5 mRNA expression is almost absent in Atgl -/-macrophages (Afl aki et al. , 2011a ) might contribute to their reduced migratory capacity. ATGL defi ciency attenuates the mRNA expression of the proinfl ammatory chemokine (C-X-C motif) ligand 1 (Gro1) and the release of interleukin (IL)-6 from macrophages. Increased secretion of anti-infl ammatory IL-10 and transforming growth factor β from Atgl -/-macrophages and increased mRNA expression of mannose receptor 1, arginase 1, monocyte chemotactic protein (MCP)-2, and sphingosine kinase 1 argue for an anti-infl ammatory M2-like phenotype of Atgl -/-macrophages (Afl aki et al. , 2011a ) . In line with these data, macrophage mRNA levels of acyl-CoA:diacylglycerol acyltransferase 1, the enzyme responsible for the fi nal step in TG biosynthesis, correlate directly with TG storage capacity and inversely with infl ammatory activation by saturated FAs (Koliwad et al. , 2010 ) . Thus, increasing the capacity of macrophages for TG storage, either by DGAT1 overexpression or ATGL defi ciency, protects against FA-induced infl ammatory activation.
Decreased plasma concentrations of MCP-1, an important chemoattractant for mononuclear cells, might contribute to decreased infl ammation in Ldlr -/-mice transplanted with Atgl -/-bone marrow (Lammers et al. , 2011 ) . In fact, mice lacking MCP-1 (Lu et al. , 1998 ) or its receptor CCR2 (Boring et al. , 1998 ) develop fewer and smaller atherosclerotic lesions compared with control mice. Reduced plaque formation in these animals is most likely the consequence of a reduction in monocyte recruitment to sites in the arterial wall, which are prone to atherosclerotic lesion development. Thus, diminished MCP1 levels probably participate in the reduced number of circulating mononuclear cells in Ldlr -/-mice transplanted with Atgl -/-bone marrow (Lammers et al. , 2011 ) . Inconsistent results are published on TG accumulation in livers of Atgl -/-mice with almost identical (Fuchs et al. , 2012 ) , 2.3-fold or at least 3-fold increased hepatic TG concentrations (Wu et al. , 2011 ) compared with Wt livers. Intraperitoneal injections of tunicamycin induce hepatic steatosis in Atgl -/-but not in Wt mice (Fuchs et al. , 2012 ) . In contrast to Atgl -/-macrophages, which exhibit increased ER stress compared with Wt macrophages (Afl aki et al. , 2012 ) , livers from Atgl -/-mice are protected from tunicamycin-induced hepatic ER stress and infl ammation. This effect can be reversed by the enrichment of oleic acid in the hepatic TG pool of Atgl -/-mice. Patients suffering from nonalcoholic fatty liver disease or non-alcoholic steatohepatitis typically display ER stress in the liver. Defi ciency of liver ATGL causes progressive hepatic steatosis but infl ammatory and fi brotic responses are reduced compared with those reported in other obesity models with similar degrees of steatosis (Wu et al. , 2011 ) . Further studies are necessary to elucidate whether ATGL-mediated TG hydrolysis may constitute a target for the treatment of liver diseases.
ATGL defi ciency limits adipose tissue macrophage accumulation during fasting (Kosteli et al. , 2010 ) . This is an interesting fi nding because chronic stimulation of adipose tissue macrophages leads to local infl ammation and altered metabolic function. The authors conclude that lipolysis drives the accumulation of adipose tissue macrophages and recruited macrophages might buffer the local increase in lipid concentration. Because lipolysis induces macrophage migration, it is also likely that the reduced migration rate of Atgl -/-macrophages limits their infi ltration into adipose tissue, which results in reduced adipose tissue infl ammation.
Conclusion
Data from Atgl -/-mice and humans with mutations in PNPLA2, the gene coding for ATGL, assign a central role to this enzyme for the catabolism of cellular fat stores. Do we now understand the role of ATGL in macrophages ? To some extent. It is obvious that ATGL defi ciency results in TG accumulation in all tissues and cells analyzed, including macrophages. A brief summary of the consequences of ATGL deficiency in macrophages is summarized in Figure 1 . Numerous issues, including how ATGL exerts mitochondrial apoptosis, remain unsettled. It is still elusive how the absence of ATGL leads to a shift in ceramide metabolism and whether these changes result in increased sphingosine formation, which is catabolized to C16:0 ceramide within mitochondria. Is ATGL defi ciency in macrophages a friend or foe ? Current results demonstrate both. Although lack of ATGL reduces infl ammation, macrophage infi ltration into the arterial wall, and early stage plaque formation, this effect might be reversed in later atherosclerosis due to reduced phagocytosis, mitochondrial dysfunction, and increased apoptosis. Additional studies are necessary to answer the question whether ATGL might be a drug target to attenuate atherosclerosis.
In summary, ATGL-mediated lipolysis is linked to macrophage function. Other previous and current discoveries reveal its involvement in the pathogenesis of lipid-associated disorders. FFAs which are taken up by macrophages are incorporated into TGs (and cholesteryl esters). LD-associated ATGL, most likely together with its activator CGI-58, hydrolyzes TGs to generate DGs and FFAs. Activated FAs are utilized as energy substrate and PPAR signaling molecules. In the absence of ATGL, TGs accumulate within macrophages, resulting in TG-rich foam cells. Reduced FFA concentrations, due to defective TG hydrolysis, lead to decreased PPAR signaling, reduced ATP levels and impaired phagocytosis. Increased ROS production inhibits SHP-2, leading to sustained phosphorylation and activation of FAK, defective small Rho GTPase activation, and reduced migration capacity of macrophages. In addition, ATGL defi ciency results in endoplasmic reticulum Ca 2 + depletion and a concomitant increase in cytosolic Ca 2 + , which induces the unfolded protein response. Increased ceramide C16:0 concentrations cause dysfunctional mitochondria and activate the mitochondrial apoptosis pathway. Impaired phagocytosis, reduced numbers of WBCs, decreased migration and infl ammation and activation of programmed cell death lead to reduced early atherosclerosis. Data are summarized from Chandak et al. (2010 ), Afl aki et al. (2011a ,b , 2012 , Lammers et al. (2011) . ATGL, adipose triglyceride lipase; CGI-58, comparative gene identifi cation-58; DGs, diglycerides; FFAs, free fatty acids; FAK, focal adhesion kinase; HSL, hormone sensitive lipase; LD, lipid droplet; LPL, lipoprotein lipase; M, mitochondrion; MGs, monoglycerides; MGL, monoglyceride lipase; PPAR, peroxisome proliferator-activated receptor; ROS, reactive oxygen species; SHP-2, Src homology 2-containing phosphotyrosine phosphatase; TGs, triglycerides; UPR, unfolded protein response; WBCs, white blood cells.
